Nanoparticle surface charge density in ionic magnetic fluids: The effect of particle-particle interaction
Nanoparticle charging becomes increasingly important in aerosol science with numerous applications including aerosol instrumentation, ultrafine particle control, and material synthesis. 1 Several unipolar chargers 2, 3 have been constructed to create charged particles, and a theoretically correct model is crucial to optimally design their charging efficiency. However, the high negative charging efficiency of nanoparticles found at high charging intensities, where the Nt product ͑mean ion concentration N and mean residence time t͒ is larger than 10 7 s cm −3 , remains a physical phenomenon that is still poorly understood. Indeed, with this condition the measured average charges carried by nanoparticles ͑diameter of 65 nm, concentration of 10 5 cm −3 ͒ by Marquard et al. 2 within a negative direct current ͑dc͒ corona charger were found to be much higher than those expected with the largely utilized diffusion theory that applies Fuchs's model. 4, 5 The latter had been applied to predict accurately a positive charging process 2 and thus led us to suspect that free electrons might play an important role in the mechanism of high negative charging. Previous modeling ignored the contribution from electrons simply because of their low concentration in a typical negative dc corona charger, although the attachment coefficient of electrons is known to be much higher than that of ions. 6 Recently, Marquard et al. 7 also speculated that electrons might play an important role although they did not provide any solid theoretical/numerical evidence. Moreover, previous charging modelings only considered the onedimensional case, which necessitates averaged values on the electric field and ion concentration distributions that may lead to inaccuracy in the numerical results. This also excluded the understanding of the detailed path of nanoparticles within the charger device.
In this letter, we propose a two-dimensional ͑2D͒ charging model by taking into account free electrons within a negative dc wire-tube corona charger. This model considers ͑1͒ the corona discharge model and ͑2͒ the nanoparticle charging model. Numerical results are then compared to the experimental data obtained by Marquard et al. 2 and discussed.
The electrostatic precipitator charger device utilized by Marquard et al. 2 is a stainless steel tube of length L = 26 cm with a wire at the center with dry air flowing at atmospheric pressure. The inner wire of radius r w = 0.05 mm is subjected to a negative dc voltage w with a current intensity I ͑per unit length͒, whereas the outer electrode of radius R = 2 cm is grounded. The corona discharge is assumed to be axisymmetric and invariant in the axial direction. Time-independent continuity equations of electrons and positive and negative ions are as follows:
͑rN e e E͒ = ͑␣ − ͒N e e E,
͑3͒
where r is the radial coordinate, and N e , N p , and N n are the number densities of electrons and positive and negative air ions, respectively. The mobility of air ions is assumed to be constant and is given in Ref.
2, while those of electrons ͑ e ͒, ionization coefficient ͑␣͒, and the attachment coefficient ͑͒ depending on the local electric field are given in Ref. 9 . Boundary conditions for air ions are N n ͑r w ͒ = 0 and N p ͑R͒ = 0 because of repulsion from the electrodes, while that of electrons is given on the wire's surface from the current intensity determined experimentally: 8,10 I =2 r w e͚ i i N i E. Diffusion of ions and electrons is not considered and the ambient temperature is assumed to be uniform within the charger.
Expression of the electric field is obtained from the Gauss equation in the low-field region where the negative ions are dominant and by considering the onset electric field strength E w on the wire's surface provided by Peek's law. 11 It is then expressed as
where 0 is the vacuum dielectric constant. In this study, we assume that the electric field is only influenced by air ions because they mainly cause the space charge since the concentration of air ions ͑ϳ10 10 cm 3 ͒ is much larger than that of nanoparticles ͑ϳ10 5 cm −3 ͒ and electrons ͑approximately two orders of magnitude smaller than that of ions͒. Figure 1 shows the distribution of electric field ͓Eq. ͑4͔͒, electrons, and positive and negative ions ͓solving Eqs. ͑1͒-͑3͔͒ with w = −9.5 kV and I = 19.2 A cm −1 . The electron concentration is about two orders of magnitude smaller than that of the negative ions in the low-field region, which further justifies the use of Eq. ͑4͒. Although the existence of the positive ions in the very vicinity of the wire ͑Ͻ0.03 cm͒ does induce a small error in the electric field by using Eq. ͑4͒, it can be used to predict the electric field across the gap, as shown in Ref. 10 . In addition, Fig. 1 shows that essentially the same data for the distributions of electrons and negative ions are obtained whether the positive ions are considered or not. Note that by considering only negative ions ͓Eq. ͑3͔͒ as diffusion theory does, the concentration of negative ions becomes much higher because they transport the corona current entirely. The electric field decreases rapidly but becomes nearly constant after ϳ0.4 cm from the wire's surface.
The distribution of nanoparticles is assumed to be axisymmetric and is governed by the following 2D timeindependent continuity equations:
where the axial air gas carrier's velocity U z is described by a fully developed turbulent pipe flow profile. 12 
where the subscript i denotes either electron or negative ions. Detailed descriptions of the above various parameters can be found in Refs. 5 and 13 and are thus skipped here for brevity.
Among these, ␦ i is the limiting-sphere radius in which the ions or electrons can be captured; ␥ i is the probability of capture when the electrons/ions approach the nanoparticle within a distance of ␦ i .
14 The ionic probability of capture is usually set as ␥ n = 1, while that of electrons ͑␥ e ͒ will be discussed later. Boundary conditions at the entrance of the discharge tube are Y d,q=0 ͑z =0͒ = 1 and Y d,q 0 ͑z =0͒ = 0, whereas ‫ץ‬Y d,q / ‫ץ‬n ជ =0 ͑n ជ is the normal unit vector on the considered surface͒ is applied at the exit of the tube, wire, and grounded electrode. All equations in this letter are discretized by the central finite-difference method and solved using the iterative algorithm for matrix equations. Figure 2 illustrates the predicted average charge with the same experimental conditions of Marquard et al. 2 as a function of the Nt product. When only negative ions are considered in Eq. ͑5͒, we can reproduce the prediction using the diffusion theory by Marquard et al., 2 but we cannot reproduce the experimental data as Nt Ն 5 ϫ 10 7 s cm −3 . In addition, a relatively large discrepancy is also found in low Nt products. As both negative ions and electrons are considered in Eq. ͑5͒, the current model can faithfully reproduce the experimental average charge at all ranges of the Nt product with a fitted probability of capture ␥ e = 0.013, which is possibly caused by the high velocity of electrons ͑v e = e E͒. Indeed, the electrons are then more difficult capture but reach the limiting-sphere's surface of nanoparticles with a much greater flux ͑=N e v e ͒. Note that Romay 13 also found a lower probability than unity ͑␥ e = 0.4͒ in the case of helium gas carrier for a lower electric field mean value ͑E ϳ 100 V cm −1 ͒. At low Nt products, the predicted values are lower than those of the diffusion theory because the current is actually carried by both electrons and negative air ions. However, the electron concentration is too low to contribute to the charging process in this case. At high Nt products, the concentration of electrons is lower compared to that of the ions but high enough to contribute appreciably to the charging process. Interestingly, the average charge observed both experimentally and numerically starts to drop for Nt Ն 2 ϫ 10 8 s cm −3 , which can be well explained in Fig. 3 . Figure 3 illustrates the path of nanoparticles with charges q =−1,−2,−3,−4,−6,−8,−10,−12 at Nt ϳ 2 ϫ 10 8 s cm −3 . Clearly, most nanoparticles exit the charger with −12Յ q Յ −6, which results in the very high average charge observed experimentally. As charging intensity increases, more particles are charged inside the tube in the early portion of the tube and move faster to the grounded electrode in the later portion due to the increasing amount of charges on them and the stronger electric field. If too many highly charged particles moved to the outer grounded electrode, then the average charge at the exit may eventually decrease.
In conclusion, the 2D charging model presented in this letter shows that it is necessary to take into account the effect of free electrons on the negative nanoparticle charging process. Numerical results are in very good agreement with those observed experimentally should the probability of capture for electrons ␥ e be set as 0.013 for nanoparticles with 65 nm diameter. More measurements using different sizes of nanoparticles are strongly recommended to further test the validity of the charging model developed in the present study.
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